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N O T I C E  
T H I S  D O C U M E N T  H A S  B E E N  R E P R O D U C E D  F R O M  
T H E  B E S T  C O P Y  F U R N I S H E D  U S  BY T H E  S P O N S O R -  
I N G  A G E N C Y .  A L T H O U G H  I T  I S  R E C O G N I Z E D  
T H A T  C E R T A I N  P O R T I O N S  A R E  I L L E G I B L E ,  I T  
I S  B E I N G  R E L E A S E D  I N  T H E  I N T E R E S T  O F  M A K -  
I N G  A V A I L A B L E  A S  M U C H  I N F O R M A T I O N  A S  
P O S S I B L E .  
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M- 509 b;XPEKIMENT 
CONTRACT It4S9-9339: 
JUNE 1970 
MCR- 70-296 
PREPAPaD'BY: P .  S .  C r a m e r  
J. T. J o s e p h s o n  
OVED EY: /ye R .  ~ e w e l l  -/ 
//Cfechnica 1 D i r e c t o r  
M-509 
T h i s  r e p o r t  h a s  been  p r e p a r e d  by M a r t i n  M.ariet te  and  
i s  s u b m i t t e d  i n  a c c o r d a n c e  w i t h  C o n t r a c t  NAS9-9339 
p a r a g r a p h  8.1.8 of E x h i b i t  ' B ~ ,  MSC-1(W-E-69-13, t h e  
F l i g h t  Hardware End I t e m  S p e c i f i c a t i o n .  
ABSTRACT 
The f i r s t  M-509 CMG Assembly p roduced  by S p e r r y  was a  d e s i g n  
deve lopmen t  t e s t  a r t i c l e .  The CMGA unde rwen t  EMI,  f u n c t i o n a l ,  
and  e n v i r o n m e n t a l  t e s t i n g  by S p e r r y  d u r i n g  ? la rch ,  A p r i l ,  and  
May, 1970.  T h e  u n i t  w a s  s h i p p e d  t o  FLPlC where  i t  w a s .  t e s t e d  
f rom May 16  t o  J u n e  15 p r i o r  t o  i n s t a l l a t i o n  i n t o  t h e  ASMU 
E n g i n e e r i n g  Development  Model .  T h e s e  t e s t s  c o n s i s t e d  o f  a 
l i f e  t e s t  and  e n g i n e e r i n g  e v a l u a t i o n  t e s t s  t h a t  i n c l u d e d  a one  
a x i s  a i r  b e a r i n g  t a b l e .  T h e  t e s t s  and r e s u l t s  a r e  d e s c r i b e d  
i n  t h i s  r e p o r t .  
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M a r t i n  Company r e c e i v e d  t h e  d e s i g n  deve lopmen t  C o n t r o l  Moment Gyro s y s t e m  
frorn S p e r r y  o n  16 May, 1970 .  T h i s  u n i t  i s  i n t e n d e d  t o  h e  i n s t a l l e d  i n  t h e  Eng- 
f.l.lccrinj; Devel.opment Model ASMU f o r  e v a l u a t i o n  t e n t s  o f  t h e  s y s t e m  h a r d w a r e .  
P r i o r  t o  i n s t a l l a t i o n  o f  t h e  CMG i n t o  t h e  EDM s y s t e m  tes t  progrem,  c e r t a i n  t e s t s  
were r e q u i r e d  o f  t h e  CMG uniL t o  a s s u r e  i n t e r f a c e  c o m p a t i b i l i t y ,  f u n c t i o n a l  p e r -  
formance  c a p a b i l i t y ,  and  d e s i g n  i n t e g r i t y  f o r  m i s s i o n  l i f e .  The p u r p o s e  o f  t h i s  
r e p o r t .  i s  t o  d e s c r i b e  t h e  p r o c e d u r e s  and document  t h e  r e s u l t s  o f  t h e  1 . i f e  t e s t  
and t h e  e n g i n e e r i n g  e v a l u a t i o n  t e s t s  t h a t  w e r e  pe r fo rmed  t o  a c c o n p l i s h  t h e s e  ob- 
j e c t i v e s .  
When t h e  CMG u n i t  was d e l i v e r e d  t o  M a r t i n  on  1 6  May, 1970 ,  i t  had  a  t o t a l  
e l a p s e d  t e s t  r u n n i n g  t i m e  o f  91.7 h o u r s .  L i f e  t e s t s  a t  l@lC r e q u i r e d  7 5 . 0  h o u r s  
and e n g i ~ l e e r i n g  e v a l u a t i o n  t e s t s  a t  tD4C r e q u i r e d  5 2 . 3  h o u r s .  T o t a l  s y s t e m  r u n  
t ime on t h e  CMG u t ~ i t w a s  218.0 h o u r s  a t  t h e  c o m p l e t i o n  o f  t h e  t e s t s  Gi i  15  J u n e .  
11. - INITIAL SETUP AND CHECKOUT 
-
Hardware s e t u p  i n  t l ~ e  t e s t  h o l d i n g  f i x t u r e  and  i n t e r f a c e  w i r i n g  c h e c k o u t  
was comple t ed  o n  May 16 .  I n t e r f a c e  w i r i n g  a t  J l O l  o f  t h e  CMG was c h e c k e d  t o  be  
c o m p a t i b l e  w i t h  t h e  w i r e  l i s t  o f  PD9600014. 
Power was a p p l i e d  t o  t h e  u n i t  and  p r e l i m i n a r y  c h e c k o u t  o f  t h e  i n p u t  o u t p u t  
s i g n a l s  on a  q u a l i t a t i v e  b a s i s  was c o m p l e t e  on  May 1 8 .  D u r i n g  t h i s  t i m e  t h r e e  
i m p o r t a n t  d i s c r e p a n c i e s  wi.th t h e  p r o c u r e m e n t  d r a w i n g  were  n o t e d .  These  a r e  
l i s t e d  be low w i t h  t h e  a p p r o p r i a t e  a c t i o n  t a k e n -  t o  a l l e v i a t e  the prablem.  
1. R e v e r s e d  i n p u t / o u t p u t  t o r q u i n g  t r a n s f e r  p o 1 a r i . t ~  . on  a l l  a x e s .  T h i s  
d i s c r e p a n c y  i f : u n d e t e c t e d  would have  r e s u l t e d  i n  r e v e r s e d  t r a n s f e r  
be tween  t h e  r o t a t i o n a l  c o n t r o l l e r  commands and t h e  r e s u l t i n g  o u t p u t  
r a t e ,  and i n c o r r e c t  t h r u s t e r  commands whenever  d e s a t u r a t i o n  o r  c o a r s e  
c a g e  was r e q u i r e d .  On May 28 ,  t h e  p r o b l e m  was f i x e d  by S p c r r y  a t  
Denver .  T h i s  was a c c o m p l i s h e d  by r e v e r s i n g  t h e  s p i n  r o t a t i o n  d i r e c -  
t i o n  o n  a l l  s i x  w h e e l s .  
2 .  Wheel. s p e e d  p i c k o f f  o u t p u t s  p r o d u c e d  n e g a t i v e  v o l t a g e s  a t  s p e e d s  l e s s  
t h a n  16 ,000  rpm. When t h e  w h e e l s  were  n o t  r o t a t i n g  t h i s  v o l t a g e  
r a n g e d  f rom - 2 . 0  t o  -7 .0  VCC d e p e n d i n g  on  t i m e  f rom power a p p l i c a t i o n  
a n d  s p e c i f i c  o u t p u t .  T h i s  d i s c r e p ~ n c y  i f  u n d e t e c t e d  would h a v e  r e -  
s u l t e d  i n  n e g a t i v e  i n p u t  v o l t a g e s  t o  t h e  t e l e m e t r y  s u b s y s t e m  t h a t  would 
e x c e e d  t h e  d e s i g n  l i m i t s .  On J u n e  4 ,  t h e  p rob lem was c o r r e c t e d  
by S p e r r y  a t  Denve r .  T h i s  was a c c o m p l i s h e d  by  p l a c i n g  a  d i o d e  a t  t h e  
o u t p u t  on  e a c h  a m p l i f i e r .  L a y o u t  was p r e v i o u s l y  d e s i g n e d  o n  t h e  p r i n t -  
e d  c i r c u i t  b o a r d s  t o  f a c i l i t a t e  t h e  d i o d e s  s i n c e  t h e  c r i g i n a l  S p e r r y  
d e s i g n  i n c l u d e d  t h i s  f e a t u r e .  
MCR- 70-296  - 
3. No i se  o n  t h e  s t a t i c  i n v e r t e r  power o u t p u t s  c x c c e d s  tlie s p e c i f i e d  50  
mv peak  t o  peak  r e q u i r e m e n t s .  T h i s  n o i s e  a p p e a r s  a s  s p i k e s  s p a c e d  
e v e n l y  a t  0 . 1 6  m i l l i s e c o n d s  (6 .4  k c ) .  The  s p i k e s  h a v e  a  d u r a t i o n  
o f  a p p r o x i m a t e l y  0 . 2  m i c r o s e c o n d s  and a n  a m p l i t u d e  be tween 20 and 
150 m i l l i v o l t s  d e p e n d i n g  o n  l o a d  and  o t h e r  f a c t o r s .  I t  i s  n o t  p r e -  
s e n t l y  known wha t  e f f e c t ,  i f  a n y ,  t h e  n o i s e  w i l l  have  on t o t a l  s y s -  
t e m  p e r f o r m a n c e  when t h e  CMG's a r e  nlounted i n  t h e  ED?l h a r d w a r e  f o r  
f u n c t i o n a l  t e s t .  
All .  s i g n a l s  were  i n v e s t i g a t e d  d u r i n g  t h e  i r l i t i a l  s e t u p  and c h e c k o u t  o f  t h e  
CMG u n i t .  T h i s  i n v e s t i g a t i o n  i n c l u d e d  p i c t u r e  t a k i n g  o f  s c o p e  t r a c e s  o n  a l l  
o u t p ~ ~ t  s i g n a l s .  Documentnt ior i  of t t ~ e s c  f i n d l . n g s  i s  incl.udec1 i n  t h e  e n g i n e e r -  
i n g  e v a l u a t i o n  s e c t i o n  o f  L 1 1 j . s  r e p o r t  . 
1,IFE TEST 
C o n d i t i o n s  f o r  t h e  l i f e  t e s t  w e r e  s p e c i f i e d  on  1 9  May a t  Denve r .  T h e s e  
c o n d i t i o n s  r e s u l t e d  f rom e x e r c i s i n g  t!le CMG u n i t  on a  f l o a t e d  s i n g l e  a x i s  g a s  
b e a r i n g  d u r i n g  i n i t i a l  s e t u p  and  c h e c k o u t .  Wi th  a  t o t a l  f l o a t e d  moment o f  
i n e r t i a  o f  18 s l u g - f t  , t h e  p e a k  g i m b a l  r a t e  o f  7 r a d i a n s  p e r  s e c o n d  i s  p r o -  
duced  w i t h  a  i - 7  o r  -7  v o l t  s t e p  command t o  t h e  t o r q u e r  d r i v e  e l e c t r o n i c s .  A 
+7 t o  - 7  v o l t  s t e p  command p r o d u c e s  a  13 r a d i a n  p e r  s e c o n d  p e a k  g i m b a l  r a t e .  
Response  t o  t h e s e  i n p u t s  i s  shown i n  F i g u r e s  1 and 2 .  Gimbal  i m p a c t  o n  t h e  s t o p s  
i s  i n d i c a t e d  by t h e  a b r u p t  c h a n g e  i n  g i m b a l  r a t e .  A f t e r  i m p a c t  t h e  g i m b a l  o s c i l -  
l a t e s  a g a i n s t  t h e  s p r i n g  u n t i l  damping  removes  t h e  e n e r g y  i n  t h e  g i m b a l  g a i n e d  
d u r i n g  t h e  swing .  I n  o r d e r  t o  a t t a i n  t h e  14 r a d i a n  p e r  s econd  g i m b a l  r a t e  w i t h  
a 1.4 v o l t  c h a n g e  i n  t o r q u e r  command i t  i s  n e c e s s a r y  t o  p r o v i d e  t h e  p r o p e r  i n i t i a l  
t a b l e  r a t e  and g i m b a l  a n g l e .  T h i s  i s  shown i n  F i g u r e  2 .  
The l i f e  t e s t  was i n i t i a t e d  on  1 9  May, 1 9 7 0 ,  a c c o r d i n g  t o  t h e  f o l l o w i n g  
s e q u e n c e :  
a .  The ClIGA was mounted on t h e  a i r  b e a r i n g  t a b l e  w i t h  t h e  r o l l  o u t p u t  
z ix is  p a r a l l e l  t o  t h e  t a b l e  a x i s .  
b .  The s p i n  m o t o r s  w e r e  e n e r g i z e d  and  r u n  up f o r  20 m i n u t e s .  
c .  S t e p  i n p u t  commands w e r e  i s s u e d  t o  t h e  r o l l  a x i s  e v e r y  20 sec.onds t o  
c a u s e  a  p a i r  o f  g in lba l  r a t e  s p i k e s  (one  p o s i t i v e  and  one  n e g a t i v e )  o f  
6  t o  8 r a d i a n s l s e c o n d  and  e v e r y  200 s e c o n d s  t o  c a u s e  a p a i r  o f  g i m b a l  
r a t e  s p i k e s  (one  p o s i t i v e  a n d  one  n e g a t i v e )  o f  1 2  t o  1 5  r d d i a n s / s e c o n d .  
A t o t a l  o f  260 s m a l l  s p i k e s  and  26 l a r g e  s p i k e s  w e r e  a c c u m u l a t e d  o v e r  
a  p e r i o d  o f  a b o u t  4 5  m i n u t e s .  T y p i c a l  r e s p o n s e  t o  t h e s e  i n p u t s  i s  shown 
i n  F i g u r e  3 .  
d .  The CMGA was r u n  w i t h o u t  c o n n a n d  f o r  a  p e r i o d  o f  60  m i n u t e s .  
e .  The s p i n  m o t o r s  w e r e  a l l o w e d  t o  r u n  down f o r  3 0  m i n u t e s .  
f .  S t e p s  b t h r o u g h  e  w e r e  r e p e a t e d  f o r  a  t o t a l  o f  1 0  c y c l e s  f o r  a  t o t a l  
a c c u m u l a t i o n  o f  2600 s m a l l  s p i k e s  and  '260 l a r g e  s p i k e s .  
. The p i t c h  a x i s  was a l i g n e d  w i t h  t h e  t a b l e  a x i s  and s t e p s  b t h r o u g h  f  
1:epeoted f o r  t h e  p i r c h  a x i s .  
b .  The  yaw a x i s  t:us a1.igned w i t h  t h e  t o b l c  a x i s  and s t e p a  b t h r o u g h  l 
r e p e a t e d  f o r  t l ic  y s w  a x i s .  
T o r q u i n g  commands, g i m b a l  a n g l e  r a t e ,  t a b l e  r a t e ,  w h c c l  s p e e d s ,  and  s y s t c m  
c u r r e n t ,  were  r e c o r d e d  For Lhe d u r a t i o n  o f  the  l i f t  t e s t .  T h i s  d a t a  h a s  b e e n  
r e L ~ i n e d  o n  s t r i p  c h a r ~ s  and i s  a v a i l a b l e  f o r  d i s p l a y .  h s m a l l  p o r t i o n  o f  t h e  
s t r i p  c h e r t  d a t a  was u sed  f o r  F i g u r e s  1, 2 ,  and  3 .  
D u r i n g  the 75 h o u r  l i f e  t e s t  t h e r e  was no m a j o r  d e g r a d a t i o n  o f  s y s t e m  p e r -  
fo rmance .  S u b s e q u e n t  d r i f t  r a t e s  and  g i m b a l  d i s t u r b a n c e  t o r q u e  e v a l u a t i o n  
t e s t s  c o n d u c t e d  a f t e r  t h e  l i f e  t e s t  d i s c l o s e d  o n l y  s m a l l  i n c r e a s e s  i n  b e a r i n g  
f r i c t i o n  and  n e g l i g i b l e  r e a c t i o n  t o r q u e  s h i f t s .  These  t e s t s  have  p r o v e d  t o  be  
q u i t e  a c c u r a t e  i n  d e t e r m i n i n g  CElG q u a l i t y  and  w i l l  be  pe r fo rmed  b e f o r e  a n d  a f t e r  
any  s i m i l a r  tes ts  c o n d u c t e d  o n  t h e  CMGs i n  t h e  f u t u r e .  
The l i f e  t e s t  p r o c e e d e d  f rom 19May  t h r o u g h  27 May o n  a  s p l i t  s h i f t  b a s i s  
f o r  15  h o u r s  e a c h  d a y .  No i n t e r r u p t i o n s  were  e n c o u n t e r e d  due  t o  t h e  CMG u n i t ,  
and t h e  t e s t  p r o c e e d e d  smoo th ly  t o  i t s  c o n c l u s i o n .  



IV. ENGINEERING EVA1,UATTON TESTS 
E n g i n e e r i n g  e v a l u a t i , o n  t e s t s  began  o n  25 May. The d e s i r e d  o b j e c t i v e  of 
t h e s e  t e s t s  i s  t o  a s s u r e  t h e  f u n c t i o n a l  performance o f  t h e  CMG u n i t  on a  Sys-  
tem b a s i s .  To t h i s  e x t e n t ,  p o s s i b l e  p rob lems  c o u l d  b e  d i s p e r s e d  w i t h  b e f o r e  
t h e  u n i t  was i n s t a l l e d  i n  t h e  EDM h a r d w a r e .  
Cornmand K a t e  and  T o r q u e r  C u r r e n t  T r a n s f e r  - The t e s t  was a c c o m p l i s h e d  by 
-. 
p l n c i n E  a known c o m ~ ~ o n d  i n p u t  v o l t a g e  t o  t h e  t o r q u e r  d r i v e  e l e c t r o n i c s  and ' 
~ncauurj.rlg t h e  r e s u l t i n g  c :u r r en t  and  I : loa ted  t a b l e  r n t c  f o r  s t e a d y  s t a t e  con -  
( l i t i o n t i .  R e s i l 1 . t ~  o f  t h e  mcosurr .mcnte a r e  shown i n  F i g u r e s  4 ,  5 ,  and 6 f o r  t h e  
r o l l ,  p i t c h  nnd yaw a x c e ,  r e s p e c t j . v c l y .  The r e s u l t i n g  r o t e  command t r a n s f e r  
i s  wLt11Ln Chc e:cpect;ed 1 .F :n i t~  and i e  l i n e a r  t o  commands o f  5 5  v o l t s .  T h e  re- .  
n u l . t F n g  t o r q u e r  c u r r e n t  - r a ~ c  o u t p u t  t r a n s f e r  h a s  a g r e a t e r  t o r q u e / c u r r e n t  
g a i n  t h a n  o r i g i n a l l y  a n t i c i p a t e d .  T t i i ~  w i l l  r c s u i t  i n  some s a v i n g s  j n  r e q u i r e d  
t v r q r l e r  power.  Fu r t t 1e r rn3 rc ,  t h i s  t r a n s f e r  i s  no t  l i n e a r  a s  e x p e c t e d .  T o r q u e r  
c o n f o r m i t y  i~ shown i n  F i g u r e  7 for one  r o l l  a x i s .  
C a ~ e  and  L-o& - A b r e a d b o a r d  C o n r r o l  E l e c t r o n i c s  Assembly was i n t e r f a c e d  
with-the s i g n a l s  f rom t h e  C o n t r o l  Moment Gyro Assembly. The CEA p r o d u c e d  t h e  
a p p r o p r i a t e  comnands t o  a s e t  o f  t h r u s t e r s  mounted on t h e  a i r b e a r i n g  t a b l e .  
For t h i s  s e t u p ,  t h e  i n t e r a c t i o n  be tween  t h e  t h r u s t e r  s y s t e m  and CYG Assembly 
were  d e m o n s t r a t e d  t o  o p e r a t e  c o r r e c t l y  f o r  d e s a t u r e t i o n  and c a g e  and l o c k  
f u n c t i o n s .  Gimbal  a n g l e  t o  t o r q u e r  g a i n  d u r i n g  f i n e  c a g e  i s  somewhat l e s s  t h a n  
e x p e c t e d .  With o l o c k  window o f  - + 0.25  d e g r e e s ,  a c o n s t a n t  body r a t e  of .  0 . 1  
d e g r e e s  p e r  s e c o n d  w i l l  p r o d u c e  g i m b a l  t o r q u e s  s u f f i c i e n t  t o  s t a n d o f f  t h e  g i m b a l  
a n g l e  beyond t h e  window and l o c k  w i l l  n o t  o c c u r ,  S u b s e q u e n t  u n i t s  w i l l  b e  b u i l t  
w i t h  a 0 . 7  deg lock window. 
S t a t i c  I n v e r t e r  and S i g n a l  N o i s e  T e s t s  - T e s t s  o n  t h e  s t a t i c  i n v e r t e r  we re  
pe r fo rmed  a t  no l o a d  and r a t e d  l o a d  o f  t h e  power s u p p l y  o u t p u t s .  R e s u l t s  o f  
t h e s e  tests  a r e  p r o v i d e d  i n  F i g u r e s  8 and 9 .  . A t  1-ated l o a d  and  r a t e d  v o l r a g e  
(28.0 VDC) t h e  CMG u n i t  r e q u i r e s  4.67 amp t o  power t h e  s i x  w h e e l s  a t  s t e a d y  
s t a t e  s p e e d ,  t o r q u e r  d r i v e  e l e c t r o n i c s ,  and  s t a t i c  i n v e r t e r ' .  T h i s  4 . 6 7  amp 
i s  e x c l u s i v e  o f  t h e  comnand t o r q u e r  c u r r e n t .  
Pho tog rapha  o f  a l l  CMG o u t p u t  s i g n a l o  were  t a k e n  on t h e  s c o p e  t r a c e s .  
No i se  s p i k e s  e x i s t  on  a l .1  o u t p u t s .  Most s i g n i f i c a n t  o f  t h i s  n o i s e  i s  t h e  
s p i k e s  o n  t h e  s i x  a n a l o g  w 5 e e l  s p e e d  o u t p u t s .  T h i s  n o l s e  c o n s i s t s  o f  a 
t r i a n g l e  wave a t  1.1 KC a t  0 . 0 5  v o l t s  p e a k  t o  p e a k .  A t  t h e  p e e k s  o f  t h i s  
t r i a n g l e  wave a r e  s p i k e s  o f  1 .0  t o  2 . 0  v o l t s  f o r  a  d u r a t i o n  o f  12  m i c r o s e c o n d s .  
No i se  s p i k e s  o f  1 5  m i c r o s e c o n d s  d u r a t i o n ,  and 100 t o  300 m i l l i v o l t s  p e a k  
t o  peak  a m p l i t u d e  a t  5 .4  KC e x i s t s  on  t h e  g i m b a l  a n g l e  o u t p u t s  and  t h e  TM 
g i m b a l  a n g l e  o u t p u t s .  






Dynamic Response T e s t s  - The dynamic r e s p o n s e  w h i l e  mounted t o  a  r i g i d  
f i s t u r e  was measured w i t h  a  t o t a l  i n e r t i a  o f  13.5 ,  1 5 . 5 ,  and 6 . 4  
about  t h e  r o l l ,  p i t c h ,  and yaw axes  r e s p e c t i v e l y  w i t h  s t e p  command 
i n p u t 8  from 1 t o  5 v o l t s .  The r e s p o n s e  approximated a second o r d e r  s y s t e m  w i t h  
r i ~ e  time t o  90% o f  s t e a d y  s t a t e  o f  0 .12  t o  0.20 seconds  f o r  r o l l ,  0 .12  t o  0.14 
seconds  f o r  p i t c h ,  and 0 .07 seconds  f o r  yaw. 
Closed Loop D r i f t  Ra te  T e s t 8  - System c l o s e d  loop d r i f t  r a t e  was measured 
w i t h  the  uge o f  t h e  a i l -  h e a r i n g  and a c a l i b r a t e d  r a t e  gyro .  T h i s  was accompli.shed 
by u n l o c k i n g  the  CMG p a i r  w i t h  t h e  o u t p u t  axim, p a r a l l e l  t o  t h e  t a b l e  r o t a t i o n  a x i s ,  
compensat ing f o r  w t r e  t o r q u e s  e x i s t i n g  between t h e  room and t h e  t a b l e  t o p ,  end 
m e ~ s u r i n g  t h e  t a b l e  r a t e  a t  v a r i o u s  g imbel  a n g l e s .  The r e s u l t i n g  d r i f t  r a t e  i s  
due t o  g imbal  mass u n b a l a n c e ,  e a r t h  r a t e ,  g imbal  r e a c t i o n  t o r q u e  and gimbal  
e t i c t i o n - f r i c t i o n  t o r q u e .  Date  from t h e s e  t e s t s  i s  d i s p l a y e d  i n  F i g u r e s  1 0 ,  11, 
and 1 2  f o r  t h e  r o l l ,  p i t c h ,  and yaw axe8 r e s p e c t i v e l y .  Note t h a t  on t h e s e  p l o t s  
t h e  d a t a  i s  p l o t t e d  a s  p o i n t s .  The l i n e s  a r e  p r e d i c t e d  d r i f t  r a t e s  based on 
d a t a  from measur ing t h e  g imbal  d i s t u r b a n c e  t o r q u e s  a s  e x p l a i n e d  i n  t h e  n e x t  sec- 
t i o n  of  t h i s  r e p o r t .  
Gimbal D i s t u r b a n c e  Torque E v a l u a t i o n  T e s e  - C e r t a i n  undesirable t o r q u e s  
a r e  p r e s e n t  abou t  t h e  CKG g imba l s  t h a t  t e n d  t o  degrade  t h e  a t t i t u d e  ho ld  mode. 
These gimbal  d i s t u r b a n c e  t o r q u e s  w i l l  c a u s e  t h e  AFZRV t o  d r i f t  r o t a t i o n a l l y  
r e l a t i v e  t o  t h e  i n e r t i a l  c o o r d i n a t e  f rame.  The p r imary  d i s t u r b a n c e  t o r q u e s  
i n  t h e  CMG a r e  s t a t i c  f r i c t i o n  t o r q u e ,  m a g n e t i c - r e a c t i o n  t o r q u e ,  f l e x  l e a d  
r e a c t i o n  t o r q u e ,  s p i n  a x i s  mass unba lance ,  and o u t p u t  a x i s  mass unba lance .  
I?igure 13  i s  a  one a x i s  b l o c k  d iagram o f  t h e  CMG showing how t h e  t o r q u e s  
a r e  summed a t  t h e  CMG g imba l s .  The symbols a r e  d e f i n e d  a s  f o l l o w s :  
d I n p u t  command v o l t a g e  
Km Forward loop  g a i n  i n c l u d i n g  t o r q u e r  a m p l i f i e r  and to rque  
motor,  7.04 o z .  i n / v o l t  
Kd Damping feedback  g a i n  
S t a t i c  f r i c t i o n  t o r q u e  
R e a c t i o n  t o r q u e ,  i n c l u d i n g  magnet ic  and f l e x  l e a d  t o r q u e  
Output  a x i s  mass u n b a l a n c e  t o r q u e  
S p i n  a x i s  mass unba lance  t o r q u e  
Sum o f  t o r q u e s  a b o u t  t h e  i n p u t  a x i s  
*OA Torque a p p l i e d  t o  t h e  o u t p u t  a x i s  




e Gimba 1. ang 1.e 
J~ 
Gimbal i n e r t i a  
l3 Hody i n e r t l a  
W ( 1.: ) l:artll r a t c  component 
I I A n ~ i ~ l a r  ~uomen tu rn  of d ~ l a l  CMG, 2 . 1  f t - l b  s ec .  
The equat ion  express ing  the  sum of  t he  torques a t  the  gimbal i s :  
Z T I A  * -ds COB" + TR (4) + W (E)  H C O S ~  
W (E) i s  t h e  component o f  e a r t h  r a t e  a l i gned  wi th  the  output  a x i s .  
T, i s  a  func t ion  of  gimbal ang le  and t h e  g  component d i r e c t e d  
perpendicular  t o  t h e  IA - SRA plane.  
T.6 i s  a  func t ion  of gimbal a n g l e  and t h e  g component d i r e c t e d  
perpendiculer  t o  t h e  IA - OA p lane .  
TR and TF a r e  func t ions  o f  gimbal ang le  but  a r e  not  s e n s i t i v e  t o  
e a r t h  r a t e  o r  g r a v i t y .  
A a e r i e s  o f ' f i x e d  p o s i t i o n  t e s t s  were conducted t o  determine the  
va lues  of  t h e  d r i f t  components f o r  each of . t he  CMG u n i t s  i n  CMG Assenbly. 
P r i o r  t o  t e s t i n g ,  a  mat r ix  of  t h e  combinations o f  d r i f t  components was 
cons t ruc t ed  a s  shown i n  Table 1. Fur the r  symbol d e f i n i t i o n s  a r e :  
E - Earth r a t e  = 7.25 x l oe5  r ad / sec  
& =I L a t i t u d e  a t  MMC - Denver = 39.5O 
W (E) E s i n @  o r  E cos  
Ear th  r a t e  torques a t  ze ro  gimbal ang le  a r e :  
EII coa & c o s o  = .0226 i n .  oz .  
,00322 v o l t s  a t  cummsnd input.  
EH co8 d s i n  = .0186 i n .  oz .  
,00264 v o l t s  a t  commend inpu t .  
The matr1.x i s  r e l a t e d  t o  t he  CMG axes a s  shown i n  Figure 14. T8 
ie p o s i t i v e  when i t  causes a  p o s i t i v e  ginlbal ang le  torque wi th  on 
a c c e l e r a t i o n  i n  the  +OA d i r e c t i o n .  To i s  p o s i t i v e  when i t  causes  n 
p o e i t i v e  gilubal ang le  torque w!.th 0.n acce l .e ra t ion  i n  t h e  +SRA d i r e c t i o n .  
I ------ . -------- .--.----.----p---4-- 
/n (a) + fM C D S W  ~ O S &  I - 
- .,,-?,._,)- /- G/'/ L,r-CcV 5 j h J . 1  k -LJ; d $ S c * -  +To S I N *  



I n i t i a l l y ,  t he  CMCA was mounted Z dow:~ and X e a s t  so  t h a t  o n l y  the  
r e a c t i o n  and f r i c t i o n  torque components were p re sen t .  Tne f r i c t i o n  
torque component was determined by slewing the  gimbal i n  one d i r e c t i o n  
and then br inging  t h e  gimbal ang le  t o  zero by small  changes i n  command 
inpu t .  The process  was repea ted  but  w i th  the  gimbal slewed i n  t h e  
oppos i t e  d i r e c t i o n .  The f r i c t i o n  torque  was h a l f  t h e  d i f f e r e n c e  between 
the  two cormand inpu t s  m u l t i p l i e d  by KM (7.04 i n .  o z / v o l t ) .  
Further  experimentat ion r e s u l t e d  i n  an improved technique  t h a t  was 
used throughout t he  remainder of t he  t e s t .  .The gimbal was brought to  
zero by input  cornmands and then the cow~and wao slowly chenged t o  d e t e r -  
mine the  input  necessary  to  break away from zero ang le  i n  t h e  p o s i t i v e  
and nega t ive  d i r e c t i o n s .  Again the  f r i c t i o n  torque was obta ined  by 
tak ing  h a l f  t h e  d i f f e r e n c e  between these  two vo l t age  r ead ings .  The 
va lue  f o r  TR was then p ropor t iona l  t o  t he  average of  t he  two readings  
(or h a l f  t he  sum). 
The C M M  was then  placed Z down, X south  and t h e  average  f o r  t he  
two zero  ang le  breakaway vo l t ages  was determined. From the  t a b l e ,  i t  
i s  seen t h a t  t h i s  va lue  was t h e  inpu t  vo l t age  equ iva l en t  o f :  
g '&- - TR (4) - M coa & cos  @ 
This reading  sub t r ac t ed  from t h e  Z doxm X e a s t  reading  should y i e l d  
the  e a r t h  r a t e  component. The r e s u l t  was .0045 v o l t s  compared t o  t h e  
previous ly  determined value of  .0032 v o l t s  and t h e  s i g n  was c o r r e c t .  
This r e s u l t ,  t h e  f a c t  t h a t  a  component of e a r t h  r a t e  could be g r o s s l y  
determined, gave h igh  confidence t o  t he  t e s t  technique and the  t e s t  was 
cont inued.  
The fo l lowing  readings  were made a t  t h e  i nd ica t ed  CMG p o s i t i o n s  : 
Y down, X west 2z Tx @f'= 00 
2 z T  q =  00 
522 e= 00 
Z down, X eaa t Tx and TF Q? = 0°, -+_ 20°, +_ 40°, +_ 55O 
63= 00 
q =  oO 
X down, Z n o r t h  .2r Tx al = 0° 
z T y a n d T F  * = O 0 , t 2 0 0 , + _ 4 0 0 , + 5 5 0  - 
g TY w =  00 
X down, Z ean t  Tx ex== 00 
T~ gc' oO 
Z T Z  and TF d= 0°, 20°, 2.400, +_ 550 
Tt~e value8 of a l l  t he  d r i f t  components were determined by combining 
these  readings .  Table 2 l i n t s  the  mass unbalance torques .  Note t h a t  
a l l  rnaso unbalance torques  a r e  below 0.08 i n ,  oz.  These torques  a r e  
not preeent  i n  zero g .  
The f r i c t i o n  torques  a r e  ohown i n  F igures  15 ,  16 and 17  compared 
with previous Sper ry  d a t a .  The Sper ry  d a t a  is  a  COmpO8ite of  a l l  d a t a  
dur ing  DD t e s t i n g .  Note t h a t  t he  f r i c t i o n  has  g e n e r a l l y  i nc reased  but  
t h a t  the  gimbal bear ings  have n o t  app rec i ab ly  degraded dur ing  the  l i f e  
t e s t .  . T h e  f r i c t i o n  i n c r e a s e  a6 t h e  h igh  gimbal ang le s  i s  n o t  s u r p r i s -  
ing  i n  view of t h e  many impacts i n t o  t h e  s tope  dur ing  t h e  l i f e  t e s t .  
I The gimbal r e a c t i o n  torques  a r e  p l o t t e d  i n  F igures  18 ,  19 ,  and 20.  
The Sperry d a t a  was from t h e  f i n a l  f u n c t i o n a l  t e s t  p r i o r  t o  s h i p  t o  MMC. 
The X gyro d a t a  from Sperry inc ludes  t h e  mass unbalance to rques  f o r  t he  
X down p o s i t i o n  so t h e s e  torques  have been combined i n  t h e  MMC d a t a  t o  
a l low a  d i r e c t  comparison. Note t h a t  t he  Y and Z d a t a  shows e s s e n t i a l l y  
no change wh i l e  t he  X gyro s h i f t e d  about 0.25 i n .  oz .  
A s  p r ev ious ly  s t a t e d  t h e  gimbal d i s tu rbance  torque8 cause  i n e r t i a l .  
d r i f t  of t h e  body. Tne FlMC generated d i s tu rbance  torque  va lues  were 
combined and converted t o  p red ic t ed  d r i f t  l e v e l s  t o  compare wizh t h e  
a i r  t e a r i n g  d r i f t  t e a t .  The p o s i t i o n  equat ion  f o r  X do-m was uaed f o r  
the  X gyro,  Y down f o r  t h e  Y gyro,  and Z down f o r  t h e  Z gyro. The nominal 
pred ic ted  d r i f t  r a t e  and a band t h a t  i nc ludes  t h e  f r i c t i o n  torque  range 
a r e  ohown i n  Pi.gurea 10 ,  11, and 12 a long  wi th  t h e  a c t u a l  measured r a t e s  
on the sir bear ing  t a b l e .  These f i g u r e s  a r e  important  f o r  two reasons .  
F i r s t ,  they  show t h a t  i n e r t i a l  d r i f t  can be a c c u r a t e l y  p red ic t ed  a f t e r  
determining t h e  d i s lu rhance  torque  components w i th  f i x e d  p o s i t i o n  t e s t s .  
Second, they  show t h a t  t h e  CI?G1s a r e  b e t t e r  than  0 . 1  deg/sec q u a l i t y  
even a f t e r  ex t ens ive  and q u i t e  s eve re  l i f e  t e s t i n g .  
The l a r g e s t  d ig tu rbance  torque  i s  t h e  r e 9 c t i o n  to rque  which i s  caused 
p r imar i ly  by t h e  i n t e r a c t i o n  of t h e  r e s i d u a l  torque o f  t h e  two torquer  
motors. Sperry expec ts  t h i s  e f f e c t  t o  be g r e a t l y  reduced i n  t he  f l i g h t  
a r t i c l e  CKG's because of improved Aerof lex  motors.  The r e a c t i o n  torque  
s h i f t  i n  t h e  X gyro i s  i n t e r e s t i n g  bu t  may have been caused by a  bfas  
i n  t he  Sperry d a t a .  The genera l  conclusion i s  t h a t  t he  Sperry CMG i s  a 
rugged, q u a l i t y  a c t u a t o r  and sensor  when opera ted  w i t h i n  i t s  gimbal r a t e  
l i m i t s .  
To (volts at cf = 0) 
( i n  oz) 
T, (volts at OC = 0) 
(in o z )  
TABLE 2 
MASS UNBALANCE TORQUES 
X CMG Y CMG Z CMG 
+. 008 +.0019 +.0069 
+. 056 9.013 +.049 
+. 0114 -.0017 +. 0057 
+ .080 - .012 +. 040 






